The existence of long-lived non-equilibrium states without showing thermalization, which has previously been demonstrated in time evolution of ultracold atoms, suggests the possibility of their spatial analogue in transport behavior of interacting electrons in solid-state systems. Here we report long-lived non-equilibrium states in one-dimensional edge channels in the integer quantum Hall regime. An indirect heating scheme in a counterpropagating configuration is employed to generate a non-trivial binary spectrum consisting of high-and low-temperature components. This unusual spectrum is sustained even after travelling 5 -10 µm, much longer than the length for electronic relaxation (about 0.1 µm), without showing significant thermalization. This observation is consistent with the integrable model of Tomonaga-Luttinger liquid. The long-lived spectrum implies that the system is well described by non-interacting plasmons, which are attractive for carrying information for a long distance.
I. INTRODUCTION
Dynamics of quantum many-body systems often result in thermalized states characterized, for example, by the Fermi distribution function 1 . Exceptional cases have been discussed for integrable systems, where an isolated system may be left in a non-equilibrium steady state 2 . This intriguing aspect has been studied in isolated systems like one-dimensional (1D) cold atomic chains, where temporal evolution of the system can be measured after a sudden change of the interaction (quantum quench) 3, 4 . Complementary experiments in transport measurement would allow us to study spatial evolution of electronic states travelling from a non-interaction region to an interacting region (spatial analog of quantum quench). The Tomonaga-Luttinger (TL) liquid, which has been identified in various 1D wires and quantumHall edge channels [5] [6] [7] [8] [9] , is known as an example of integrable systems. Theoretically the Coulomb interaction between electrons is absorbed under bozonization into non-interacting plasmon modes of collective density excitations [10] [11] [12] . Therefore, an ideal TL liquid never thermalizes as plasmon excitations are conserved during the transport [13] [14] [15] . Quantum-Hall edge channels are suitable for demonstrating this non-thermalizing behavior, as they are well isolated from the environment. Actually, coupling to the phonon bath is sufficiently weak 16 , and backscattering that is unwanted for the TL model is highly forbidden 17, 18 . Moreover, tunneling spectroscopy with a quantum dot (QD) allows us to investigate spatial evolution of the electronic spectrum in a tailored geometry 19 . Previous experiments have identified electronic relaxation from singleparticle excitations to collective excitations (plasmons) in terms of plasmon boundary scattering known as spincharge separation [20] [21] [22] [23] and fractionalization 24, 25 in the TL physics. However, the absence of thermalization as a hallmark of an integrable system has not been addressed, as the resulting states were always close to thermalized states showing a trivial Fermi distribution 20, 26, 27 .
In this paper we show that quantum-Hall edge channels can actually support long-lived non-equilibrium states. For this purpose, non-trivial binary spectrum composed of hot and cold carriers is prepared by an indirect heating scheme using weakly coupled counterpropagating edge channels. Quantum dot (QD) spectroscopy clearly reveals that the carriers with the non-trivial binary spectrum propagate over a long distance, much longer than the length required for electronic relaxation, without thermalization into a trivial Fermi distribution. This non-thermalizing characteristics is consistent with the TL model and encourages us to study non-equilibrium coherent plasmon transport in the system. The paper is organized in the following way. After describing an artificial TL liquid formed in quantum-Hall edge channels (Sec. IIA), we propose a novel excitation scheme to obtain non-trivial binary spectrum (Sec. IIB). The binary spectrum is obtained from experiments and simulations. For experiments, we describe the device structure and measurement scheme (Sec. IIIA), and compare energy spectra in two regions in distinct geometries (Secs. IIIB, IIIC, and IIID) by considering the heat flow in the system (Sec. IIIE). The binary spectrum is found in one of the regions, where small amplitudes of high-frequency plasmons are excited. For simulations, we derive plasmon eigenmodes of the system (Sec. IVA), and show that an approximate binary spectrum appears as a non-equilibrium steady state in the quantum-quench simulations (Sec. IVB). Finally, we discuss the coupling strength (Sec VA), the similarities and differences be-tween the experiments and simulations (Sec. VB), some conserved quantities during the transport (Sec. VC), and possible relaxation mechanisms in the quantum-Hall system (Sec. VD) before summarizing the work.
II. ARTIFICIAL TL LIQUID
A. Plasmon excitation in edge channels Figure 1 (a) illustrates the interacting quantum-Hall edge channels we study, where right (η = r) and left (η = ℓ) moving electronic channels with spin σ ∈ {↑, ↓}, labeled (η, σ), are interacting. Such a geometry can be prepared by depleting a narrow central region of a twodimensional electron system (2DES) in a magnetic field at the filling factor ν = 2 24 . In the absence of tunneling and the presence of electrostatic interaction between the channels, the system mimics an ideal 1D wire described by the standard spin-full TL model [28] [29] [30] [31] . The Coulomb interaction yields four plasmon eigenmodes, labeled [d, m], i.e., left (d = L) and right (d = R) moving charge (m = C) and spin (m = S) modes, as will be derived in Sec. IVA. The charge and spin modes have symmetric and anti-symmetric charge distributions, respectively, in the primary channels (spin-charge separation), where the charge velocity v C is generally greater than the spin velocity v S . The interaction between counterpropagating channels generates small amount of dragged charges reverse-travelling in the subsidiary channels (charge fractionalization), as illustrated by coupled wave packets in Fig. 1(a) 24,32,33 . In a practical device, such interacting channels can be formed in a finite region, outside of which the left and right moving channels are spatially separated as shown in Fig. 1(b) . Suppose that a non-equilibrium charge is injected into one of the channels, (ℓ, ↑) [illustrated as an arrow marked by 'inj'] from a quantum point contact (PC). The initial electronic state in (ℓ, ↑) exhibits a double-step profile in the energy distribution function f (E), where the width and height are given by the excitation energy eV E and the tunneling probability D, respectively, of the PC, as shown in the central inset at the bottom of Fig.  1(b) . However, the interaction alters the electronic spectrum significantly during the transport 20 . In the plasmon picture, charge wave packets randomly injected from the PC can propagate in a non-interacting manner. Each time a single electron is injected into (ℓ, ↑), an initial wave packet, shown just on the left side of the injection point, is generated. It can be described as a linear superposition of the four plasmon eigenmodes. Since the charge and spin modes have different velocities, the injected charge splits into four plasmon packets as illustrated. We will refer to this splitting as electronic relaxation in the sense that a single-particle excitation in one channel is relaxed into collective charge excitations over the channels. This takes place within a length
(a) Schematic diagram of interacting quantum Hall edge channels (r/ℓ, ↑ / ↓) with nearest neighbor coupling capacitances CX and CZ. Charge wave packets for plasmon eigenmodes [L/R, C/S] are illustrated. (b) The indirect heating scheme for interacting quantum-Hall edge channels (r/ℓ, ↑ / ↓). Each time a single-electron charge wave packet is injected from a PC to (ℓ, ↑) as shown by 'inj', four plasmon charge wave packets in the eigenmodes [L/R, C/S] are generated. Carriers are drained to ohmic contacts marked by ⊠. The energy distribution function f (E) shown at the bottom insets exhibits a double step structure for the initial state (the central inset), close to Fermi distribution at TH in the DH region (the left inset), and an unusual binary spectrum with two temperatures TH and T base in the IH region (the right inset).
the excitation voltage V E of 1 mV for typical velocities v C = 2−5×10 5 m/s and v S ∼ v C /2 at ν = 2 21, 34, 35 , from the injection point. When random charge packets are successively injected from a biased PC, channels are filled with incoherent ensemble of plasmon wave packets. A fast wave packet in the charge mode can catch up with a slow packet in the spin mode, and overtake it without any scattering as the plasmons are non-interacting. Therefore, the excitation of non-interacting plasmons cannot be thermalized 13, 36, 37 .
B. Non-trivial binary spectrum
We next show that non-trivial binary spectrum can be generated in the excitation scheme described in the previous subsection. To see this, it is important to note that electron-hole excitations (and thus the energy spectra) in all channels are correlated with each other as they all originate from the common injection process at the PC. Most of the generated wave packets flow to the down-stream of the injection point, which we refer to as 'directheating (DH) region' [the red region in Fig. 1(b) ]. Previous studies have shown that the spectrum in this region can be described by an approximate Fermi distribution at temperature T H , as schematically shown in the left inset 20 . This might not contradict the non-thermalizing nature of TL model, as the theory have shown that the electronic relaxation results in an approximate Fermi distribution for this case 26, 27 . However, the experiment on the DH region was not successful in identifying the presence of long-lived non-equilibrium states.
Here, we focus on the spectrum in the counterpropagating channels, which we refer to as 'indirect-heating (IH) region' (the blue region). Because of the small amplitude of the correlated excitations, the spectrum in the IH region should have a small fraction of the spectrum in the DH region (at T H ). This fraction p (≪ 1) is determined by the interaction, or the plasmon eigenmodes of the system [See Sec. IV]. The majority of the spectrum should reflect the base temperature T base of the system. This leads to a non-trivial binary spectrum in the IH regions, as shown in the right inset. The focus of this study is the stability of this unusual mixture during transport.
This experimental scheme can be understood as a spatial analog of quantum quench. This analogy is allowed because the plasmon transport is unidirectional from the injection point through the channels to the ohmic contacts at the ends of the channels, as is the flow of time in quantum quench (See discussions in Sec. VB). The initial state prepared as single electron excitations relaxes into plasmon excitations in the DH and IH regions. Such spatial evolution can be studied by using PC injectors at various distances from the QD spectrometer 20 . If the ergodicity is assumed, a many-body state may relax to a thermal-equilibrium state after travelling a long distance. However, 'non-equilibrium steady state', which can be defined as a state that remains non-equilibrium even after travelling a sufficiently long (conceptually infinite) distance, may emerge in an integrable model. The comparison between the experiment in Sec. III and the simulation in Sec. IV implies that the binary spectrum is the signature of 'non-equilibrium steady state' expected in the integrable model of TL liquid.
III. EXPERIMENT A. Sample and measurement technique
The measurements were performed with an AlGaAs/GaAs modulation-doped heterostructure in a perpendicular magnetic field of 5.9 T (ν = 2) at the lattice temperature of 20 -100 mK. The unprocessed 2DES has the electron density 2.9×10 11 cm −2 and the zerofield mobility 1.6×10
6 cm 2 /Vs. The device shown in Fig.  2 (a) involves split gates SG's to define the channels, PC charge injectors and a QD spectrometer. The quantized Hall resistance at h/2e 2 and the vanishing longitudinal resistance of the device ensure the formation of two chiral edge channels dominating the transport. As shown in Fig. 2 (a), three sections of edge channels (η, σ), where η specifies the region 'a', 'b', and 'c', are defined by using the isolation gate SG iso (width w = 0.1 µm) and a QD spectrometer inserted between the section 'a' and 'b'. Spin-full TL liquids labelled TLLs are formed in the interacting regions of (a, σ) and (c, σ) for the length of 5 µm, as well as (b, σ) and (c, σ) of 10 µm. We investigate how the spectra of (a, ↑) and (b, ↑) in the vicinity of the QD change when heat current is injected at different locations with respect to the spectrometer. This is done by selectively activating one of the four PCs; that is, injection from PC1 (PC2 -PC4) implies that the spectrometer is placed in the DH (IH) region(s). The tunneling probability D i,σ of i-th PC for spin σ can be estimated from its conductance
h , where G 1 = I E1 /V E1 for PC1 and G i = I E2 /V E2 for PCi (i = 2, 3, and 4) are obtained from the
(a) is the expected temperature considering the coupling p = 0.1. Small difference between T a,↑ and T b,↑ at unheated conditions (iii) and (v) might come from external noise in the ammeter for IE1. When ε is swept with the gate voltage V C , the QD current measures the electronic spectrum f a/b,↑ (E) of channel (a/b, ↑) via the relation
where I 0 is the saturated current on the step. For a large positive bias, the second term of Eq. 1 describing the negative component of the current can be neglected. Then, the current profiles around the onsets ε = µ a,↑ (the left edge of the peak at a positive bias) and µ b,↑ (the right edge) measure the spectra f a,↑ (E) and 1 − f b,↑ (E), respectively. Therefore, electronic spectra f a,↑ (E) and f b,↑ (E) can be evaluated from a single current trace I D (V C ). The unheated spectrum in Fig. 2 (c) can be fitted well by using the Fermi distribution
with the thermal energy k B T a/b,↑ and chemical potential µ a/b,↑ . The sharp onsets on both sides of the peak indicate the thermal energy k B T base = 9 -10 µeV at the base temperature T base in both channels. The QD spectroscopy relies on transport through a single level. Therefore we restrict ourselves at low-excitation conditions where populations to the excited states can be neglected, unless otherwise stated.
B. Spectrum in the DH region
First, we investigate the spectrum in the DH region using PC1 located ∼ 5 µm upstream of the QD. Figure 3(a) schematically shows the corresponding channel layout. The DH region is formed in (a, ↑) and (a, ↓) by injecting heat through PC1 with an excitation voltage V E1 = -100 µeV. Non-equilibrium charge can be injected selectively into (a, ↑) for the PC1 conductance G 1 in the range of 0 < G 1 < G q as shown in panel (ii) of Fig. 3(b) , and (a, ↓) for G q < G 1 < 2G q in panel (iv). This was confirmed by measuring clear conductance steps in the split-gate voltage V PC1 dependence of G 1 (= I E1 /V E1 ) in Fig. 3(c) . grounded ohmic contact to the one biased at V E1 . Heating in (a, ↑) is manifested in the slope on the left edge of the spectra, which becomes distinctly gentle, indicating larger T a,↑ , in the tunneling regimes at G 1 /G q = 0.5 [trace (ii)] and 1.5 [trace (iv)]. Note that heating in (a, ↑) is resolved even when non-equilibrium charge is injected into (a, ↓). This ensures the coupling between the two channels. No heating is seen at quantized conductance 
The fact that T a,↑ reaches almost the same maximum values at G 1 /G q ∼ 0.5 and 1.5 indicates that the injected heat is equally partitioned between (a, ↑) and (a, ↓). As these data show, the coupling between hot and cold copropagating channels results in spectra that looks like the equilibrium Fermi distribution in both of the copropagating channels. Theory suggests that the actual distribution is different from the Fermi distribution even in the DH region 26, 27 . However, the deviation is too small to be resolved experimentally, resulting in seemingly thermalized spectra indistinguishable from the equilibrium distribution. Consequently, the DH scheme is not suitable for studying non-equilibrium steady states.
C. Spectrum in the IH region
In contrast to the case of DH region, qualitatively different tunneling spectra emerge when the spectrometer is placed in the IH region. IH regions appear in (a, σ) and/or (b, σ) when one of PC2-PC4 is adjusted in the tunneling regime with the PC conductance Figure 4 summarizes the current spectra (solid circles) with PC2 in (a), PC3 in (b), and PC4 in (c). As the bias V E2 of the PC is increased, an additional small but long tail develops, resulting in an anomalous spectrum that cannot be fitted with a single Fermi distribution function. The long tails appear on one or both sides of the peak depending on the location of the spectrometer with respect to the PC.
For example, injection from PC2 induces an IH region in (a, σ), but not in (b, σ) [inset of Fig. 4(a) ]. This is consistent with the observation that a tail appears only on the left side of the peak [anomalous excitation in (a, ↑)], by recalling that the current profiles on the left and right sides of the peak reflect f a,↑ (E) and 1 − f b,↑ (E), respectively.
Injection from PC3 should also induce an IH region only in (a, σ). This is consistent with the tail appearing on the left side [excitation in (a, ↑)] as seen in Fig. 4(b) . The amplitude of the tail on the left side is comparable to that in Fig. 4(a) . A small step-like profile on the right side is associated with the excited state of the QD, where electromagnetic and/or phonon-mediated energy transfer might be responsible only for this geometry with a short distance between PC3 and QD (< 0.3 µm) 38 . Therefore this step-like structure is disregarded in the following discussion.
Injection from PC4 induces IH regions in both (a, σ) and (b, σ), resulting in tails on both sides [excitation in (a, ↑) and (b, ↑)] in Fig. 4(c) . In this case, PC4 excites left moving plasmons in modes [L, C/S], which drag non-equilibrium charges in (b, σ) up to the right of the QD. This gives a tail on the right side of the peak. However, this measurement point is ill-defined as it is located near the boundary between the IH region and the unheated upstream region of (b, σ). This could be the reason of the small amplitude of the right tail as compared to the tails in Figs. 4(a) and 4(b) . Moreover, the left moving plasmons in the interacting channels (b, σ) and (c, σ) are interrupted by the QD, and scatter into the other interacting region with channels (a, σ) and (c, σ). This plasmon scattering leads another IH region [denoted by IH' in the inset of Fig. 4(c)] in (a, σ) , which generates a tail on the left side of the peak. The small amplitude of the left tail reflects this plasmon scattering.
Apart from the quantitative differences, the unusual tails appear in all of the IH regions we investigated. As shown by thin solid lines in Fig. 4 , all the spectra in the IH regions can be fitted well with the binary spectrum
which consists of majority carriers at lower temperature T Fig. 4(a) , in this configuration heating occurs only in (a, σ) near the QD, which affects only the left side of the peak at low bias. In contrast, the spectrum in panel (i) of Fig. 5 shows a small negative tail (blue hatched region) on the right side, in addition to the tail on the left side (red hatched region). This signifies the presence of hot holes as well as hot electrons in (a, ↑). The whole spectrum including the negative tail is reproduced well with Eq. (3) as shown by the solid line. The distribution functions f a,↑ (E) and 1 − f b,↑ (E) deduced from the fit are shown by solid lines in the inset, highlighting the anomalous binary spectrum f a,↑ (E) compared to the Fermi distribution function f F (E) shown by a dashed line.
Binary spectrum can be seen in a wide range of gate voltage, V PCi , for i-th PC with i = 2, 3, and 4. Figure  6 summarizes the V PC2 dependence of the PC2 conductance in (a) and the fitting parameters, the fraction p in (b) and two distinct temperatures T into a single Fermi function for any geometries we examined. The factor p (∼ 0.1) is found to be comparable for various distances from the PC to the QD, including the shortest case with PC3 [ Fig. 4(b) ], 5 µm with PC2 [ Fig. 4(a) ], and 10 µm with PC4 in the reversed magnetic field (See Appendix B and Fig. 10 ). These distances are much longer than l el (∼ 0.1 µm at V E = 1 meV) for electronic relaxation to plasmons. Therefore, the observed binary spectrum supports the picture of non-interacting plasmon excitations and the non-thermalizing character of the 1D edge channels.
D. Comparison of the spectra
The spectra in the DH and IH regions are compared in the same range of excitation voltages in Fig. 7 , where the horizontal axis is taken as the dot energy ε relative to µ a,↑ . The spectrum for the DH region at G 1 = 1.5G q in Fig. 7(a) is measured at various V E1 by keeping the effective bias constant (V E1 − V D = 200 µV). Heating in (a, ↑) is seen as broadening on the left edge of the peak. The linear slope over a few orders of magnitude in the logarithmic scale of I D suggests that all carriers in the DH region can be characterized by a single temperature T (DH) . In contrast, the unusual tail for the IH region, which can be recognized from V E2 ∼ 200 µV and becomes prominent at V E2 ≥ 500 µV in Fig. 7(b) , can be characterized by the binary spectrum with parameters T (H) (gentle slope), T (L) (steep slope), and p. One can see that T (DH) in the DH region [ Fig. 7(a) ] is somewhat higher but comparable to T (H) in the IH region [ Fig. 7(b) ], by comparing the spectra at the same excitation voltages (V E1 = V E2 ∼ 600 µV). This implies the strong relation between the two spectra. Based on the argument in Sec. IIB, the different spectra in the DH and IH regions can be understood by considering the amplitudes of the plasmon excitations. The channels in the DH region are full of hot plasmons with large amplitudes as shown in Fig. 1(b) , which seemingly looks like a thermalized state when the system is measured with a QD spectrometer. In contrast, the channels in the IH region involve small amplitudes of hot plasmons in the background of cold plasmons, which could lead to the anomalous binary spectrum.
We should add some comments on the effect of excited states in the dot. In Fig. 7(a) , a faint kink marked by ES' and a step-like structure marked by ES appear when the excitation voltage V E1 exceeds the typical level spacing (about 200 µV) of the QD. The former (ES') can be understood as hot electrons passing through an excited state, and the latter (ES) can also be attributed to a complex excitation process to an excited state. Both of these additional features start to appear at V E1 values much higher than that at which the heating in the channel starts to be visible. In contrast, no features associated with the excited states appear for the IH region, unless V E2 exceeds 2 mV. This is presumably due to the weak coupling (p ∼ 0.1) between the DH and IH regions.
E. Heat flow
Provided that the binary distribution of Eq. (3) holds well, the temperatures in DH and IH regions can be related to each other by considering the heat flow in the system. The heat current injected from the i-th PC is given by
E with the partitioning factor D (1 − D) 16, 20 . This heat should be redistributed over the four channels. As discussed in Sec IIB, excitations in DH and IH regions are expected to be correlated. For simplicity, we assume that all carriers in the DH region and the fraction p of carriers in the IH region share an identical temperature T (p) H while the cold majority (1 − p) in the IH region remains at T base . This assumption can be justified for the high-energy spec-
H ) in the weak coupling limit (p ≪ 1) of quantum quench problem shown in Sec. IVB. This crude approximation allows us to compare the different experiments for the DH and IH regions. Then, the energy conservation law suggests that the spectra are expected to share the same temperature given by T (p) Fig. 8(c) ] of the majority carriers always remains cold. Therefore, the total energy is well conserved in the four channels with negligible heat leakage to other degrees of freedom, which ensures that the channels are effectively isolated from the environment. The same temperature T (0.1) H is also plotted in Fig. 6(c) , where one can see that the observed T . These evidences support that the excitations in DH and IH regions are strongly correlated.
Note that the above analysis is based on the assumption where the energy distribution can be approximated by Fermi distribution in the DH region and the binary distribution in the IH region. Rigorous analysis should be made with the TL model, which is beyond the scope of this paper. However, simulations of quantum quench, a time-dependent problem for initial states prepared at different temperatures, strongly support this approximation, as shown in the next chapter.
IV. SIMULATIONS WITH THE TL MODEL A. Plasmon eigenmodes
Plasmon modes in the edge channels can be conveniently described by a capacitance model 24, 31 . Interaction inside or between quantum Hall edge channels can be parametrized by capacitances per unit length, C ch for intrachannel coupling and C ij for interchannel coupling between i-th and j-th channel [i, j ∈ {(r, ↓) , (r, ↑) , (ℓ, ↑) , (ℓ, ↓)}] . For simplicity, we only consider nearest neighbor couplings with C X between copropagating channels and C Z between counterpropagating channels, as shown in Fig. 1(a) . We assumed that C ch is identical for all channels. Excess charge density ρ i and potential V i of i-th channel are related by the coupling capacitances; ρ i = C ij V j with the capacitance matrix of the form
in the order of the channel index i = (r, ↓) , (r, ↑) , (ℓ, ↑) , and (ℓ, ↓). Here, c X = C X /C ch and c Z = C Z /C ch denote the normalized coupling strengths. Charge conservation in each channel can be represented by ∂ρ i /∂t = −S i G q ∂V i /∂x with the chirality S (r,σ) = 1 for rightmoving channels and S (ℓ,σ) = −1 for left-moving channels, and G q = 
with the velocity v R/L,C ≃ ±v 0 (1 − c Z /2) for charge modes and v R/L,S ≃ ±v 0 (1 − 2c X − c Z /2) for spin modes, where v 0 = G q /C ch is the uncoupled plasmon velocity in a single channel. These plasmon eigenmodes are schematically shown in Fig. 1(a) . Note that these plasmon eigenmodes are fully consistent with the TL model, as shown in Sec. IVB. When a unit charge is injected into (ℓ, ↑), it can be expressed as
with a small fractionalization ratio s = c Z /4 = C Z /4C ch . This explains large and small plasmon amplitudes in the DH and IH regions, respectively, as schematically illustrated in Fig. 1(b) . The above capacitance model is convenient for describing different coupling parameters between the channels. If required, the capacitances can be obtained by solving electrostatic potential around the edge channels 24 . Actually, the model has been applied to reproduce plasmon transport in edge channels including plasmon interferometers 31 . In this work, we use the matrix T and parameters c X and c Z to solve the quench problem shown in the next subsection.
B. Quantum quench
We have experimentally studied how the energy spectrum changes along the interacting edge channels under continuously injecting non-equilibrium electrons from a PC (spatial analog of quantum quench). This can be compared with the standard quantum quench problem asking how the momentum spectrum changes with time in the interacting channels after preparing a nonequilibrium state. Here we apply the quench problem to the counterpropagating channels to see the emergence of a binary spectrum.
We followed the approach taken by Kovrizhin and Chalker to study the quench problem for two copropagating channels (see refs.
14,36 and references therein). Here, four infinitely long channels with channel index j (= 1 − 4), i.e., two right movers (j = 1 and 2) and two left movers (j = 3 and 4), are initially prepared in independent thermal equilibrium at different temperatures T j (T 1 = T 3 = T 4 = T base and T 2 = T H > T base ). The initial state of each channel at t = 0 is described by the correlation function G j (x; t = 0) = G (eq) Tj (x), where x is distance and G
Time evolution of the system is calculated based on the standard bosonization technique for the TL model 39 . The interaction parameters often described by g's are equivalent to those in the capacitance model in Sec. IVA; i.e., the so-called g 4 and g 2 parameters represent the diagonal and off-diagonal elements, respectively, of C −1 . It should be noted that backscattering with the so-called g 1 parameter, which diverts the system away from the TL model, is well suppressed in the edge channels. The Bogoliubov transformation can also be performed with the same matrix T. Then, the dynamics is simply described by non-interacting plasmon modes with constant velocities. For the independent initial states at T j , the equal-time correlation function G j (x; t) at time t can be described by a product of initial correlation functions
Tj (x) of all channels as
with the power p jj ′ = m |T mj T mj ′ | 2 that satisfies j ′ p jj ′ = 1. c jj ′ m represents the coupling between the channels j and j ′ through the plasmon mode m, and ∆v m,m ′ = v m ′ − v m ′ is the velocity difference between the modes m and m ′ . For the steady state, G j (x; ∞) at t → ∞ is given by a power mean of initial correlation functions as
For the weak coupling limit (c Z ≪ c X ≪ 1), we have p jj ′ ∼ 0.5 between copropagating channels (S j S j ′ = 1)
When only one channel (j = 2) is heated to T H with others kept at T base in the initial condition, Eq. (12) can be simplified as
Focusing on the correlation function at shorter distance (|x| v 0 /k B T H ) or the spectrum at larger momentum (|k| k B T H / v 0 ), the ratio X ≡ G (eq) TH /G (eq) T base ∼ 1 to the power of p ≡ p j2 ≪ 1 for j = 3 or 4 can be approximated
TH . Its Fourier spectrum exhibits a binary spectrum of the form
in the counterpropagating channels (j = 3 or 4). In this way, the appearance of an approximate binary spectrum is suggested in the quantum quench problem. In contrast, electronic spectrum in the copropagating channels (j = 1 and 2) can be approximated to f
TH (k) by neglecting an anomaly around k = 0. Therefore, the two spectra in counter-and copropagating channels share an identical spectrum. This characteristics is used in the analysis of heat flow in Sec. IIIE.
The exact solution of the spectra are neither the binary spectrum nor the Fermi distribution function. The accurate spectrum can be obtained by performing a Fourier transform of Eq. (13) . The solid lines in Fig. 9 (a) and 9(b) show the initial momentum distribution functions Momentum distribution functions for (a) initial states in non-interacting channels and (b) steady state at t = ∞ after the interaction is turned on at t = 0. Each trace is offset for clarity. Initially, channels are in thermal equilibrium at T1 = T3 = T4 = T base and T2 = 10T base in (a). Non-equilibrium steady states are reached at t = ∞ in (b), where quasi-binary spectrum emerges in counter-propagating channels 3 and 4. The dashed and dash-dotted lines show single and binary Fermi distribution functions, respectively, adjusted to the spectra based on the TL theory (solid lines). The schematic channel geometries without and with interaction are shown in the inset of (a) and (b), respectively. f (ini) j (k) and the steady-state distribution function f (st) j , respectively, plotted as a function of the normalized momentum v 0 k/k B T base . Here, we assumed T H = 10T base and coupling parameters c X = 0.8 and c Z = 0.6. The parameters, which are realistic in the capacitance model in Sec. IVA, were chosen to imitate the binary spectra in Fig. 4 . The copropagating channels 1 and 2 resulted in similar spectra (f 1 ∼ f 2 ), which resemble a single Fermi distribution function shown by the dashed line. In contrast, anomalous spectra (f 3 and f 4 ) emerge in the counterpropagating channels 3 and 4. The spectrum can be approximated by a binary spectrum composed of hot and cold carriers, as shown by the dash-dotted line. In this range of plots in Fig. 9(b) , the temperature (the inverse of the slope) of hot minority carriers in the counterpropagating channels is somewhat lower than that in copropagating channels.
In this way, the unusual binary spectrum can emerge in quantum-quench simulation. The simulation can be compared to the experiment by regarding the heated channel (j = 2) as (ℓ, ↑) in Fig. 1(b) , spectra f 1 and f 2 as those in the DH region, and spectra f 3 and f 4 as those in the IH region. The factor p deduced from the fits, which ranges from 0.03 to 0.2 in our PCs, measures the coupling between the counterpropagating channels across the isolation gate (G iso ) of the width w ∼ 0.1 µm. This can be compared with those in previous studies with non-spectroscopic means. The time-domain charge measurement in Ref. 24 has demonstrated charge fractionalization of an incident wave packet, which yields the fractionalization ratio of r = 0.04 in the amplitude, for the gate width w ∼ 1 µm. Based on the model shown in Sec. IV, this corresponds to p ∼ 4r 2 ∼ 0.006 in our parameter. Bolometric detection of heat transfer between counterpropagating channels in Ref. 25 have identified the interaction strength |1 − K| = 0.1 ∼ 0.25, which corresponds to p ∼ 4 1 − K −1 2 = 0.03 ∼ 0.16, depending on the gate voltage on the isolation gate of width w ∼ 0.2 µm. Since the fraction p should increase with decreasing the separation of the counterpropagating channels, p ∼ 0.1 in our case is reasonable for w ∼ 0.1 µm.
B. Analogy with quantum quench
The time dependence of the momentum spectrum (quantum quench) in Sec. IV can be related to the spatial dependence of the energy spectrum studied in Sec. III. The differences and similarities between them are summarized as follows.
Firstly, the energy (momentum) spectrum is given by the Fourier transform of the equal-position (equal-time) correlation function. Considering the non-interacting non-dispersive plasmon modes with the constant velocities, the energy spectrum and the momentum spectrum should be related to each other 29, 36, 40 . Secondly, the initial state that can be prepared by a PC shows a double-step distribution function [see the central inset of Fig. 1(b) ], which is not in thermal equilibrium assumed in the quantum-quench simulation. Previous experiments for two copropagating channels 20 , as well as our results in Sec. IIIB, resulted in a spectrum close to Fermi distribution function, which is similar to the spectra f 1 and f 2 in Fig. 9(b) . This behavior can be reproduced in simulations of quantum quench starting from a double-step function in one channel 27 as well as from thermal equilibrium states at different temperatures 36 . This suggests that these different initial states does not play significant roles in the final state for the problem. Therefore, quantum quench starting from a Fermi distribution function is not a bad assumption to validate the appearance of binary spectrum in the system. Thirdly, different from the quantum quench problem, the length of the interacting region in our experiment is finite. Thanks to the chiral nature of quantum-Hall edge channels, the plasmon transport is unidirectional particularly outside the interacting region. Non-equilibrium charge that left the interacting region never returns back. This prevents unwanted effects in the leads and dissipative ohmic contacts, and allows us to neglect the finitelength problem. Such unidirectional transport cannot be expected for conventional 1D wires connected to diffusive leads.
In this way, our experiment can be regarded as spatial analog of quantum quench.
C. Conserved quantities during the transport
Non-equilibrium transport in integer quantum Hall edge channels has been investigated for a few decades. When the scattering between the channels is well suppressed, the chemical potential of each channel is conserved during the transport, allowing the system to have independent charge distributions on the channels 17, 18 . When the coupling to the environment, such as phonon bath, is negligible, the heat or the electron temperature of the system is conserved during the transport 16, 25, 41 . More intriguingly, when the interaction is not fully ergodic to cause thermal equilibration, the system may have infinite numbers of conserved quantities 42 . Our spectroscopic analysis has successfully revealed nonequilibrium electronic distribution with, at least, four conserved quantities (the binary spectrum parametrized by T (H) , T (L) , p, as well as µ), which is greater than two (µ and T ) for trivial cases.
The TL theory suggests that the plasmons are noninteracting and thus should be conserved during the transport. This is supported by the fact that the non-equilibrium spectrum is sustained for a long distance. This is attractive for carrying much information as plasmon excitations rather than short-lived electronic excitations 43, 44 .
D. Possible relaxation mechanisms
In previous reports, other energy transfer mechanisms such as phonons 45 or impurities 46 have been discussed to explain the charge and heat transfer. Such extrinsic effects with random processes are expected to result in a continuous thermalization into a trivial Fermi distribution. This contrasts with our binary spectrum independent of the propagation length (from ∼0 to 10 µm), which implies that the extrinsic thermalization processes becomes relevant only at longer distances. This signifies the importance of Coulomb interaction in 1D systems prepared in the integer quantum Hall regime. in the reversed magnetic field. Binary spectrum is seen on the left side of the peak only when the PC4 conductance is set in the tunneling regime (G4 ≃ 0.5Gq).
VI. SUMMARY
We have investigated the energy spectrum of nonequilibrium states in quantum-Hall Tomonaga-Luttinger liquids. When non-equilibrium charge is injected from a PC, a non-trivial binary spectrum consisting of highand low-temperature components appears in the IH region while a seemingly thermalized spectrum appears in the DH region. The binary spectrum is sustained even after travelling 5 -10 µm, much longer than the length for electronic relaxation (about 0.1 µm), without showing significant thermalization. This can be compared with the simulation of quantum quench problem, which also suggest the emergence of an approximate binary spectrum as a non-equilibrium steady state. The long-lived binary spectrum implies that the system is well described by non-interacting plasmons, which suggests that lowenergy excitations of edge channels in the integer quantum Hall regime can be well understood as a TL liquid.
